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ABSTRACT
We present integral field spectroscopy observations of two star-forming dwarf galaxies in the Virgo cluster (VCC 135
and VCC 324) obtained with PMAS/PPak at the Calar Alto 3.5 meter telescope. We derive metallicity maps using
the N2 empirical calibrator. The galaxies show positive gas metallicity gradients, contrarily to what is usually found
in other dwarfs or in spiral galaxies. We measure gradient slopes of 0.20 ± 0.06 and 0.15 ± 0.03 dex/Re for VCC 135
and VCC 324, respectively. Such a trend has been only observed in few, very isolated galaxies, or at higher redshifts
(z > 1). It is thought to be associated with accretion of metal-poor gas from the intergalactic medium, a mechanism
that would be less likely to occur in a high-density environment like Virgo. We combine emission line observations
with deep optical images to investigate the origin of the peculiar metallicity gradient. The presence of weak underlying
substructures in both galaxies and the analysis of morphological diagnostics and of ionised gas kinematics suggest
that the inflow of metal-poor gas to the central regions of the dwarfs may be related to a recent merging event with
a gas-rich companion.
Key words: galaxies: dwarf, galaxies: star formation, galaxies: ISM, galaxies: kinematics and dynamics, galaxies:
interactions, galaxies: evolution.
1 INTRODUCTION
The abundance of heavy elements is a fundamental tracer
of the evolutionary process of a galaxy. The metal content
depends on many factors such as star formation rate and
gas mass fraction, but it also reflects the interplay between
outflows of chemically-enriched gas triggered by stellar feed-
back and external inflow of gas from the intergalactic medium
(IGM; Lilly et al. 2013; Peng & Maiolino 2014b). Hii-region
emission lines, tracing young and massive stellar popula-
tions, are linked to the most recent star formation events
and they have been long used to investigate the gas-phase
abundance pattern and evolution in galaxies (Searle 1971;
Lequeux et al. 1979; Pagel & Edmunds 1981; van Zee et al.
1998; Tremonti et al. 2004; Mannucci et al. 2010).
The advent of integral field unit (IFU) spectroscopic sur-
veys such as CALIFA (Calar Alto Legacy Integral Field
Area; Sa´nchez et al. 2012), SAMI (Sydney Australian As-
tronomical Observatory Multi-object Integral Field Spec-
⋆ Based on observations collected at the Centro Astrono´mico His-
pano Alema´n (CAHA) at Calar Alto, operated jointly by the Max-
Planck-Institut fu¨r Astronomie (MPIA) and the Instituto de As-
trof´ısica de Andaluc´ıa (CSIC).
† E-mail: grossi@astro.ufrj.br
trograph; Croom et al. 2012), MaNGA (Mapping Nearby
Galaxies at Apache Point Observatory; Bundy et al. 2015),
and AMUSING (All-weather MUse Supernova Integral-field
Nearby Galaxies; Galbany et al. 2016), have made it possible
to derive the spatial distribution of metals for large samples
of galaxies, using nebular lines. Analysis of the radial distri-
bution of heavy elements in galaxies is of particular interest
because it allows us to understand the mass assembly history
of a galaxy, the gas accretion process and its radial variation
across the stellar disc, and the mechanisms that regulate the
inside-out transportation of metals (Chiappini et al. 2001;
Mott et al. 2013; Ho et al. 2015; Sa´nchez-Menguiano et al.
2016).
Studies of the gas metallicity radial gradient in local
galaxies and of its dependence on stellar mass report dif-
ferent results. The gradient slopes of a sample of 350 spi-
ral galaxies from the CALIFA survey show a slight de-
pendence on M∗ and morphology, with late-type low-mass
objects (M∗ ∼ 10
9 − 109.5 M⊙) displaying flatter trends
(Sa´nchez-Menguiano et al. 2016). Analysis of massive spirals
(M∗ > 10
10 M⊙) in both the CALIFA and AMUSING surveys
(Sa´nchez et al. 2014; Sa´nchez-Menguiano et al. 2018) suggest
that galaxies show a common abundance gradient charac-
terised by an inner drop and an outer flattening with only
a weak trend with stellar mass (for a more detailed review
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see Sa´nchez 2020). From the resolved mass-metallicity rela-
tion, derived in a sample extracted from the MaNGA sur-
vey, Barrera-Ballesteros et al. (2016) infer that star-forming
galaxies with stellar masses above 109.5 M⊙ display a common
characteristic gradient. On the other hand, using a MaNGA
sample of 550 galaxies Belfiore et al. (2017) found that the
gas metallicity gradients of star-forming systems do depend
on stellar mass: the metal abundance decreases with radius
at high M∗ – the more massive the galaxies the steeper is the
gradient – whereas low-mass systems (M∗ . 10
9.5 M⊙) ex-
hibit roughly constant metal content throughout their discs.
The environment where galaxies are evolving is another
important factor defining the metal content and its radial
distribution. Low-mass satellites (M∗ < 10
9.5 M⊙) in higher
density environments tend to have higher gas abundances
(Peng & Maiolino 2014a). In very low-density environments
there is mounting evidence of systems showing anomalous
metallicity gradients (Sa´nchez Almeida et al. 2014). Particu-
larly, a class of extremely low-metallicity star-forming dwarfs
with oxygen abundances 12 + log O/H . 7.7 (< 0.1 Z⊙),
present an off-center star-forming region of lower metallicity
compared to the rest of the disc (Morales-Luis et al. 2011;
Sa´nchez Almeida et al. 2016, 2017; Lagos et al. 2018). The
decrease of the metal abundance in these regions is of the
order of 0.3 dex or larger and it is associated to the peak of
the surface star formation rate (SFR; Richards et al. 2014;
Sa´nchez Almeida et al. 2015). Such metallicity drops may
give evidence of pristine gas accretion from the IGM.
Positive or inverted metallicity gradients are observed at
redshift z ∼ 1 − 2 (Cresci et al. 2010; Queyrel et al. 2012).
They are mostly attributed to the inflow of metal-poor gas
from the IGM diluting central metallicities. However, other
scenarios require that gaseous outflows triggered by a central
starburst eject stellar nucleosynthesis products reducing the
metal abundance (Wang et al. 2019).
Here we present the metallicity properties of two star-
forming dwarf galaxies (SFDGs) in the Virgo cluster show-
ing inverted oxygen abundance gradients: VCC 135 and
VCC 324. They are low-mass star-forming systems in a high
density environment with different levels of Hi-deficiency
(i.e. from moderate to high, Haynes & Giovanelli 1984;
Gavazzi et al. 2013), implying that they are at different stages
of interaction with the cluster. To our knowledge these are
the first examples of SFDGs with such characteristics in
a cluster environment. This is intriguing because accretion
of cool gas from the IGM is expected to be suppressed in
dense environments, requiring other scenarios to be investi-
gated. The galaxies were selected from a sample of dwarfs
detected by the Herschel Virgo Cluster Survey (Auld et al.
2013; Grossi et al. 2015) and we obtained integral-field spec-
troscopy observations using the Potsdam Multi Aperture
Spectrograph (PMAS; Roth et al. 2005) in the PPak mode
(Kelz et al. 2006) at the Calar Alto 3.5 meter telescope. A
large set of ancillary data is available for these systems in-
cluding observations of dust and molecular gas (Grossi et al.
2015, 2016).
The paper is organised as follows: in Sect. 2 we describe
the observations and the data reduction procedure; in Sect.
3 we present the properties of our target galaxies; the main
results from the analysis of the IFU and optical data are
given in Sect. 4; Sect. 5 discusses possible interpretations of
the results: in Sect. 6 we summarise our conclusions.
2 OBSERVATIONS AND DATA REDUCTION
2.1 PMAS/PPAK Observations
The PPak Integral Field Unit (IFU) consists of an array of
382 fibers arranged in a hexagonal field of view (FoV) of
74′′ × 65′′. Observations were carried with both V500 and
V1200 gratings, with a resolution of λ/∆λ ∼ 850 at ∼ 5000 A˚
(FWHM ∼ 6 A˚), and λ/∆λ ∼ 1650 at λ ∼ 4500 A˚ (FWHM ∼
2.3 A˚), respectively. Following the CALIFA survey observing
strategy (Sa´nchez et al. 2012), the total integration time on
each target was 1.5 h (V1200) and 0.75 h (V500). A dithering
scheme with three pointings was adopted to cover the com-
plete FoV and to increase the spatial resolution of the data.
The two data sets were combined in one single cube (called
”COMBO“), covering the spectral range 3700 − 7500 A˚ with
the same resolution of the V500 grating (Garc´ıa-Benito et al.
2015; Sa´nchez et al. 2016b). The spatial sampling is 1′′, with
a point spread function (PSF) given by a Moffat function
with a full width half maximum (FWHM) of 2.′′5 and β = 2.
Data reduction was performed using a python pipeline
based on an upgraded version of Garc´ıa-Benito et al. (2015)
and Sa´nchez et al. (2016a) and the data cubes were anal-
ysed with the spectral synthesis code STARLIGHT and the
Python CALIFA Starlight Synthesis organiser (PyCASSO)
platform (Cid Fernandes et al. 2013; de Amorim et al. 2017).
The spectra were fitted with the base of stellar libraries de-
scribed in Garc´ıa-Benito et al. (2017). In short, it combines
the GRANADA models of Gonza´lez Delgado et al. (2005) for
ages younger than 60 Myr and the single stellar population
(SSP) models from Vazdekis et al. (2015) based on BaSTi
isochrones for older ages, giving a total of 254 SSPs. The
Z range covers eight metallicities, log Z/Z⊙ = −2.28, −1.79,
−1.26, −0.66, −0.35, −0.06, 0.25, and +0.40, while the age
is sampled in 37 bins per metallicity varying from 1 Myr to
14 Gyr. The assumed initial mass function (IMF) is Salpeter
(1955). Dust effects were modeled using the Cardelli et al.
(1989) reddening law with RV = 3.1.
The best stellar population model for each spectra was sub-
tracted from the original cube to recover information on the
distribution of the ionised gas. Line fluxes were measured
with the SHERPA IFU line fitting software (SHIFU; Garc´ıa-
Benito et al., in prep.), based on the package of CIAO SHERPA
(Freeman et al. 2001; Doe et al. 2007). Maps of the Hα, Hβ,
[Nii] λ6584, [Oiii] λλ4959,5007 emission and of the line-of-
sight velocity fields were generated. The COMBO cubes reach
a S/N ≃ 3 per spaxel and spectral pixel at 5600 A˚ of ∼ 2
×10−18 erg s−1 cm−2 A˚−1 arcsec−2. The Hα maps attain a
surface brightness limit of ∼ 10−17 erg s−1 cm−2 arcsec−2 at
a 3σ level.
2.2 MegaCam observations from the Next
Generation Virgo Cluster Survey
The Next Generation Virgo Cluster Survey (NGVCS) is car-
ried out with the MegaCam instrument on the the Canada–
France–Hawaii Telescope covering an area of 104 square de-
grees of the Virgo cluster through 5 optical filters (ugriz;
Ferrarese et al. 2012). The survey is designed to map the two
main substructures surrounding the massive early-type galax-
ies M87 and M49 (cluster A and B; Binggeli et al. 1987), out
to their virial radii. Details about the observation strategy
MNRAS 000, 1–13 (2020)
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Figure 1. Left panels: giz and gr images of VCC 135 (top) and VCC 324 (bottom) from the Next Generation Virgo Cluster Survey. The
cutout size is 71′′. Central panels: Hα emission of both galaxies overlaid on the contours of g-band continuum. Continuum contour levels
correspond to 1,2,4 (VCC 135) and 1,2 (VCC 324) × 10−18 erg s−1 cm−2 arcsec−2. The shaded region displays the PMAS/PPak FOV.
Right panels: Metallicity maps obtained with the N2 indicator (Marino et al. 2013) for spaxels with EW(Hα) above 3 A˚.
ID cz Re
† i PA log(M∗)
‡ log(MHI)
‡ log(MH2)
‡ log(SFR)‡ DefHI
‡ ∇log(O/H)
[km s−1] [′′] [◦] [◦] [M⊙] [M⊙] [M⊙] [M⊙ yr
−1] [dex] [dex/Re ]
VCC 135 2408 8.2 59 20 ± 2 8.89 ± 0.04 6.64 ± 0.08 7.53 ± 0.08 -1.04 ± 0.08 1.7 0.20 ± 0.06
VCC 324 1531 11.0 38 51 ± 2 8.72 ± 0.04 8.23 ± 0.01 7.60 ± 0.26 -0.75 ± 0.07 0.4 0.15 ± 0.03
† Kim et al. (2014) ‡ Grossi et al. (2016)
Table 1. Properties of the selected Virgo star-forming dwarf galaxies assuming d = 17 Mpc.
and data reduction procedure can be found in Ferrarese et al.
(2012). With a 2σ surface brightness limit of µg ∼ 29 mag
arcsec−2 (Ferrarese et al. 2016) the NGVCS is the deepest
optical survey of the cluster to date. The g-band images are
the most sensitive and with the least number of CCD arti-
facts compared to the other filters. The MegaCam archive
contains ugiz and gr observations of VCC 135 and VCC 324,
respectively. The average seeing is 0.′′7 (VCC 0135) and 0.′′9
(VCC 324). The pixel size of MegaCam images is 0.′′187.
3 GALAXY SAMPLE PROPERTIES
VCC 135. Classified as S pec/blue compact dwarf (BCD),
it hosts a nuclear star-forming region overlaid on a red
(g − i ∼ 1 mag) stellar population (Meyer et al. 2014, top-left
panel of Fig. 1). It is an extremely Hi-deficient system1
(DefHI = 1.7; Grossi et al. 2016), and the Hα emission is
compact, extending to only ∼ 1.5 times the effective radius
(Re = 8.
′′2; top-central panel of Fig. 1). The ionised gas is
usually more centrally concentrated in Hi-deficient galaxies
(Koopmann & Kenney 2004). VCC 135 has a large radial
velocity (cz = 2408 km s−1) compared to the cluster systemic
velocity (1149 km s−1; Lisker et al. 2018). Distances to Virgo
members are highly uncertain: according to Gavazzi et al.
(2003) VCC 135 belongs to the M cloud, a substructure
behind the cluster, while Meyer et al. (2014) assume it is
at the same distance as cluster A, d ∼ 17 Mpc. Using the
1 The Hi deficiency parameter is defined as the logarithmic dif-
ference between the observed Hi mass and that expected for an
isolated galaxy of the same morphological type: DefHI = log M
ref
HI
−
log Mobs
HI
(Giovanardi et al. 1983; Haynes & Giovanelli 1984).
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infall model of Praton & Schneider (1994), Kim et al. (2014)
consider VCC 135 a possible Virgo member. However its
radial speed is about 200 km s−1higher than the escape
velocity predicted by the model at its projected distance to
the cluster centre.
VCC 324. The galaxy is classified as a BCD (Binggeli et al.
1985; Meyer et al. 2014). The optical image shows a blue com-
pact region superimposed on a lower surface brightness stellar
component (Fig. 1, bottom left). The peak of the Hα emis-
sion is located in correspondence of the compact region. Two
bright knots are also visible to the south and south-west and
appear to be connected by a tail of ionised gas (bottom cen-
tral panel of Fig. 1). Rosa-Gonza´lez et al. (2007) suggest that
the galaxy is dominated by a recent star-forming event that
started less than 3.5 Myr ago. VCC 324 is moderately Hi
deficient (DefHI = 0.4). Hi observations with the Very Large
Array (VLA; Lake et al. 1987) show that the atomic gas ex-
tends out to about 2 times the optical radius (∼ 1′) and the
outer Hi distribution is elongated to the south-west. The Hi
velocity field is not well ordered and it shows only a weak
hint of rotation. VCC 324 has a radial velocity cz = 1531 km
s−1and it is located in the Virgo southern extension, a sub-
structure infalling towards the main cluster, at a projected
distance of ∼ 5 degs from M49 (∼ 1.5 Mpc at d = 17 Mpc), the
centre of cluster B (Binggeli et al. 1987). Meyer et al. (2014)
adopt a distance d ∼ 17 Mpc and according to the infall
model of Praton & Schneider (1994) VCC 324 is a possible
Virgo member (Kim et al. 2014).
4 RESULTS
4.1 Metallicity maps and gradients
The data products provide spatially resolved information on
the stellar population and the distribution of the ionised gas
emission lines such as Hα, Hβ, [O iii]λ4363, [O iii]λ5007,
[N ii]λλ6548,6584, [S ii]λλ6717,6731. The [O iii]λ4363 line
is detected only in VCC 324 and the emission is concen-
trated in a very compact region compared to the size of the
galaxy (see Fig. A1 and Appendix A). Therefore strong-line
ratios provide the only tool to derive oxygen abundances
across the galaxy discs. One of the most commonly used
calibrations is based on the line ratio N2 = [N ii]λ6584/Hα
(Denicolo´ et al. 2002; Pettini & Pagel 2004). It has the ad-
vantage of being independent of reddening and its rela-
tion with O/H is single-valued although it saturates in the
high-metallicity regime (Nagao et al. 2006). On the other
hand, the N2-based calibration suffers from systematic un-
certainties due to its dependence on the nitrogen-to-oxygen
abundance (objects with high N/O ratios will have higher
O/H values than the real ones) and the degeneracy with
the ionisation parameter (Pe´rez-Montero & Contini 2009;
Stasin´ska 2010; Lo´pez-Sa´nchez et al. 2012). Another popu-
lar strong-line calibration is based on the line ratios O3N2 =
([O iii]λ5007/Hβ)/([N ii]λ6584/Hα) (Pettini & Pagel 2004).
However [O iii]λ5007 emission of VCC 135 is even more com-
pact than Hα, being detected to a radius r . 0.6 Re, dif-
ficulting the use of O3N2 to assess the metallicity spatial
distribution in this galaxy. Thus, despite the limitations of
the N2 parameter, in the rest of this paper we discuss results
Figure 2. Oxygen abundance radial profiles of the two galaxies. In
each panel the radial distance is shown in units of the disc effective
radius Re in the bottom x axis and in arcseconds in the top x axis.
An inverted metallicity gradient is detected in both galaxies.
based on this method that can be more easily applied to both
our targets. We adopt the calibration of Marino et al. (2013)
to derive the oxygen abundances. In Appendix A we discuss
metallicity estimates of VCC 324 obtained with the O3N2
calibration and other diagnostics based on photoionisation
models, and we show that our final conclusions are similar to
what we infer with the N2 index.
The O/H maps of VCC 135 and VCC 324 are displayed
in the right panels of Fig. 1. BPT diagnostic diagrams
(Baldwin et al. 1981) for each spaxel where [O iii]λ5007 was
detected, have been checked to ensure that the metallicity
was obtained in regions ionised by star formation activity
rather than by hot, old stars (Belfiore et al. 2016). Moreover,
we required that the oxygen abundance was measured only
in spaxels with Hα equivalent width (EW) larger than 3A˚
(Cid Fernandes et al. 2011; Lacerda et al. 2018). This addi-
tional criterion excludes the outermost pixels where Hα emis-
sion is detected in VCC 135 (Fig. 1, top-central and top-right
panels). The maps show that the oxygen abundance of the re-
gions with peak Hα emission is lower by ∼ 0.2 dex compared
to the outer part of the discs. An additional metallicity dip
can be seen in VCC 324 at about 10′′ to the south with 12 +
log(O/H) ∼ 8.25 dex, in correspondence of a local enhance-
ment of the Hα emission. An anticorrelation between the peak
of the star formation rate and the oxygen abundance is usu-
ally observed in galaxies with metallicity drops in their discs
(Cresci et al. 2010; Richards et al. 2014; Lagos et al. 2016;
Sa´nchez Almeida et al. 2018; Ellison et al. 2020) and we dis-
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cuss in Sect. 5 what are the possible scenarios to explain this
trend.
To derive the metallicity gradients, we used the ELLIPSE
task within IRAF. We defined a series of elliptical apertures
on the Hα and [N ii] maps with increasing radii taken in
steps of 1.′′25, so that the sampling is done at separations
corresponding to half width of the PSF2. Ellipsis axial ratios
and position angles (PAs) were inferred from the analysis of
the SDSS r-band images with ELLIPSE and they are displayed
in Tab. 1. The apertures were centred on the peak of the Hα
emission. The uncertainty on the metallicity within each bin
takes into account the average errors on the emission-line
fluxes along the best-fit isophote as well as the errors on the
calibration coefficients (Marino et al. 2013).
Figure 2 shows the metallicity variation as a function of
radial distance. Both galaxies display positive gradients with
O/H increasing from the main star-forming region outwards.
A linear fit provides slopes of 0.20 (0.27) ± 0.06 and 0.15
(0.16) ± 0.03 dex/Re (dex/kpc) for VCC 135 and VCC 324,
respectively. We assumed d = 17 Mpc, RVCC135e = 8.
′′2, and
RVCC324e = 11
′′ in the r band (Table 1; Kim et al. 2014).
As a comparison, dwarf galaxies at z ∼ 2 show flatter pos-
itive radial gradients, with ∇log(O/H) ∼ 0.11 ± 0.01 dex/kpc
(Wang et al. 2019). Inverted gradients are also detected in a
subsample of 20 spiral galaxies in the CALIFA survey with
an average flatter slope than our dwarfs, ∇log(O/H) = 0.048
± 0.033 dex/Re (Pe´rez-Montero et al. 2016).
4.2 Ionised-gas velocity curves
PMAS/PPak observations allow us to extract two-
dimensional velocity maps of both the gas and stellar com-
ponents. Studying the ionised gas kinematics can help in-
ferring evidence of ongoing interaction processes traced by
velocity field perturbations or anomalies (Rys´ et al. 2014;
Barrera-Ballesteros et al. 2015b).
The ionised-gas velocity maps indicate that both galax-
ies display a velocity gradient (Figs. 3 and 4). To derive
the ionised gas rotation curve we followed the method de-
scribed in Garc´ıa-Lorenzo et al. (2015) applied to galaxies of
the CALIFA survey. First we determined the kinematic cen-
ter (KC) as the spaxel with zero-rotation velocity. We built
a distance-velocity diagram for each spaxel with coordinates
xi , yj , where the distance to the kinematic centre (xc , yc) is
defined as rij = sgn(xc − xi )
√
(xi − xc)
2
+ (yj − jc)
2, and pos-
itive rij values correspond to increasing values of the right
ascension. Then we selected the spaxels with the maximum
projected velocity at a given distance rij to the KC that are
expected to trace the kinematic line of nodes (Nicholson et al.
1992). The kinematic axis position angle (PAkin) and the cor-
responding uncertainty are calculated as the mean and stan-
dard deviation of the PAs of the radial distance between the
selected spaxels and the KC (see Garc´ıa-Lorenzo et al. 2015,
for details).
In VCC 135 the kinematic centre agrees with the position
of the optical centre. We obtained PAkin = 211
◦ ± 11◦, and
2 Ideally the width of the annuli should be comparable to the
spatial resolution of roughly 2.′′5, however we chose this value to
obtain a reasonably sampled profile of the abundance of VCC 135
where the ionised gas emitting region is very compact.
Figure 3. Bottom: Hα velocity map of VCC 135. Contours corre-
spond to a step size of 15 km s−1. Black squares indicate the spaxels
used to determine the PA of the kinematic axis. The two bars at
the top-right corners compare the position angles of the photomet-
ric (grey) and kinematic axis (red). Top: Position-velocity diagram
of the ionised gas of VCC 135 for spaxels in an artificial slit of 2′′
width centred on the KC with PAkin = 211
◦ (filled circles). The
solid line shows the best-fit rotation curve model (see text). The
filled (purple) curve indicates the position velocity diagram of the
stellar component estimated in the same spaxels.
the PAs of the receding and approaching sides are compara-
ble within the errors (black squares in the bottom panel of
Fig. 3). The kinematic and photometric axis show a similar
alignment with an angular difference of ∆α ∼ 8◦. The ori-
entation of both axis is displayed in the top-right corner of
the VCC 135 velocity map. In the top panel of the Fig. 3 we
show the position-velocity diagram of the spaxels included in
an artificial slit of width 2′′ (2 spaxels) centred on the KC,
and orientation defined by the measured PAkin (Bassett et al.
2017). The gas velocity of VCC 135 rises linearly up to ∼ ±
5′′ where it reaches the maximum. The velocity profile is fit-
ted with a function V(r) = Vc(r/rt ) (i.e. solid-body rotation)
for r < rt and V(r) = Vc for r > rt , where rt indicates the
transition radius between the two regimes. We obtain a best-
fit radius rt ∼ 3.
′′5 on both sides. The maximum velocity of
the receding side V recc = 65 ± 3 km s
−1 (76 km s−1, inclina-
tion corrected) is higher compared to that of the approaching
one, V
app
c = −39 ± 4 km s
−1. Comparison with the stellar ve-
locity map obtained from our data set shows a similar trend
with a more symmetric receding and approaching maximum
velocities (filled curve).
VCC 324 displays a much smoother velocity gradient with
a more complex kinematics (Fig. 4, bottom panel). The range
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in velocities across the system is relatively small, varying
between ∼ −30 and +20 km s−1, with an almost uniform
speed in the receding side hovering around +10 km s−1. At
these values possible signatures of rotation become indistin-
guishable from the random motion of the gaseous compo-
nent (McGaugh 2012; McNichols et al. 2016). The southern
clump, corresponding to the region with an additional metal-
licity dip in Fig. 1, appears to be kinematically disjoint from
the surrounding gas as it is moving at ∼ −20 km s−1. Given
the lack of a clear rotation pattern it is difficult to identify
an obvious kinematic centre from the map. Nonetheless we
apply the method of Garc´ıa-Lorenzo et al. (2015) to attempt
to constrain the gas kinematics. If we use as KC the zero-
velocity spaxel associated to the centre of symmetry of the
ionised gas (KC1), we obtain an average PAkin = 78
◦±15◦ as it
is highlighted by the black squares in the bottom panel of Fig.
4. This would imply a misalignment of ∆α ∼ 27
◦
between the
kinematic and photometric major axis (see bars at the top-
right corner of the velocity map). However, if we select the
zero-velocity spaxel in correspondence with the peak of the
Hα emission (KC2), we obtain a very different result, with
a large misalignment between the receding and approaching
sides (∆α ∼ 39◦; dashed lines in the same panel). Both al-
ternatives though would imply a kinematically disturbed gas
disc. The position-velocity diagram derived in an artificial slit
of 2′′ width, centred on KC1, with PAkin = 78
◦ is shown in
Fig. 4. The arctan function (2Vc/π) arctan(r/rt ), where Vc is the
maximum velocity rotation and rt the radius where 50% of
Vc is attained, provides a better fit to the receding-side curve
compared to the linear model applied to VCC 135. This func-
tion has been successfully applied to model rotation curves of
local disc galaxies (Courteau 1997). The best-fit asymptotic
velocity is V recc = −29±3 km s
−1 (∼ −47 km s−1after correcting
for an inclination i = 38◦). On the other hand, the receding-
side velocity remains almost constant around 11 km s−1 to a
radial distance of ∼ 10′′ and then increases in the outermost
spaxels.
The stellar velocity map of VCC 324 does not present a
clear velocity gradient thus it is not displayed in Fig. 4. As
mentioned in Sect. 3, the Hi component also shows weak evi-
dence of rotation (Lake et al. 1987), and single-dish observa-
tions of the molecular gas provide a velocity range comparable
to the Hα measurements (Grossi et al. 2016).
The lack of a regularly rotating disc may be due to an
interaction or merger that is causing an asymmetry in the
gas kinematics as it is observed in other BCDs (O¨stlin et al.
2001; Ashley et al. 2017; Carvalho & Plana 2018), thus the
disc would still be in the process of settling into a rota-
tion pattern. Moreover, misalignments between the kine-
matic and photometric major axis of the order of what we
find in VCC 324 are usually observed in interacting galaxies
(Barrera-Ballesteros et al. 2015b; Ashley et al. 2017). Simu-
lations predict angles of . 20◦ in remnants of 3:1 mergers,
while misalignments larger than > 30◦ are expected in 1:1
mergers (Jesseit et al. 2007).
4.3 Analysis of optical images
4.3.1 Unsharp masks and colour index maps
Unsharp masks are a common technique adopted to enhance
weak substructures like spiral arms, bars, or stellar streams
Figure 4. Bottom: Hα velocity map of VCC 324. Contours cor-
respond to a step size of 10 km s−1. Black squares indicate the
spaxels used to determine the PA of the kinematic axis, assuming
as KC the centre of symmetry of the gas distribution (KC1). The
dashed lines show the estimated receding and approaching kine-
matic axis assuming that the KC corresponds to the peak of the
Hα emission (KC2). The two bars at the top-right corner indicate
the position angles of the photometric (grey) and kinematic axis
(red). Top: Position-velocity diagram of the ionised gas of VCC 324
for spaxels in an artificial slit of 2′′, centred on KC1, with PAkin =
78◦ (filled circles). The solid line shows the best-fit rotation curve
model (see text).
hidden below the dominant light distribution (Erwin 2004;
Lisker et al. 2006). We produced a set of unsharp masks for
each object by smoothing images obtained from the archive
of the NGVCS. Images were convolved with a circular gaus-
sian of various kernel sizes, σ. Small σ values enhance small
structures while large kernel sizes allow the detection of weak
large-scale features. For each set of unsharp masks we chose
values of σ = 2, 3, 4, 5, 6, 8, 10, 12 pixels. Figure 5 shows the
unsharp masks of VCC 135 (left) and VCC 324 (right) with
kernel size σ = 8, and 10, respectively. VCC 135 presents a
central blue core where most of the star formation is ongo-
ing, with one plume to the north (feature A) at the edge of
the nuclear star-forming region. To the south, an S-shaped
structure extends from the blue central region for about
12′′(feature B in Fig. 5). The residual image also shows a ring
feature in the outer part of the galaxy (C). We can rule out
that these structures are model-dependent artifacts as they
also appear in residual images obtained by fitting two Se´rsic
components to the ugiz data with GALFITM (Bamford et al.
2011; Ha¨ußler et al. 2013). The unsharp mask of VCC 324
reveals an elongated jellyfish-shaped structure with several
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Figure 5. Top: Unsharp masks of VCC 135 (left) and VCC 324 (right) with kernel size σ = 8 and 10 pixels, respectively. Substructures
that might indicate a recent merging event are seen in both galaxies and are labeled with letters. The cutout size is 75′′ (left) and 80′′
(right). Bottom: Colour maps of the inner regions of VCC 135 (g − i, left) and VCC 324 (g − r , right), respectively. Red (blue) regions
appear as dark (light) areas. North is up and East is left in all panels.
star-forming knots, where most of the ongoing star forma-
tion is occurring, as also shown by the Hα emission. A shell
structure (labeled with D and E in Fig. 5) is visible to the
northwest side of the galaxy. The shells are more clearly de-
tected in the g unsharp mask, suggestive of a relatively young
stellar population. In both galaxies unsharp masks reveal un-
derlying structure in the stellar discs that appear to trace
signature of recent interaction/merging events.
Moreover, we built optical colour-index maps to investi-
gate the spatial distribution of extinction patches associated
to dusty regions3. The bottom-left panel of Fig. 5 shows two
red plumes (g − i > 0.9 mag) in VCC 135 extending to the
north and to the south of the central star-forming region.
The southern plume twist to the west while the norther one
extends out to 10′′ (approximately 1 kpc at d = 17 Mpc)
where two further patchy red features are visible. The plumes
may hint at a relic structure originated from the tidal disrup-
tion of an accreted satellite galaxy. For example, the presence
3 The color-index maps were generated dividing the images taken
in a blue and a red filter (g−i, for VCC 135, and g−r for VCC 324)
after sky subtraction. The seeing of the images in the blue and red
filters are very similar, however we convolved the image with the
better seeing with a two-dimensional Gaussian function with width
equal to the quadrature difference of the two seeing values.
of spiral-shaped or irregular dust morphologies in early-type
galaxies has been interpreted as evidence of gas-rich minor
mergers (van Dokkum & Franx 1995; Ferrarese et al. 2006;
Yıldız et al. 2020). The g − r map of VCC 324 shows the
inner jellyfish-shaped bluer region associated to ongoing star
formation. There is not a clear dusty structure as in VCC 135
although darker patchy regions are visible in between the trail
of bright clusters and blue associations. In both systems the
blue star-forming regions show a different spatial distribution
than the outer structure of the galaxy associated to the older
stellar populations.
4.3.2 CAS and Gini-M20 diagnostics
As a further test we analysed the g-band images of both
galaxies with statmorph (Rodriguez-Gomez et al. 2019), a
Python package for calculating non-parametric morpholog-
ical diagnostics such as the Gini coefficient (G), the second
moment of the brightest pixels of a galaxy containing 20% of
the total flux (M20; Lotz et al. 2004), and the concentration-
asymmetry-smoothness system (CAS; see Conselice 2003, for
details). These diagnostics have been extensively applied to
quantify galaxy morphologies, also allowing to identify sys-
tems with signatures of recent or ongoing mergers. The asym-
metry index (A) is obtained by subtracting the galaxy image
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ID C A S G M20 S(G, M20)
VCC 135 3.62 0.14 0.11 0.54 -2.09 -0.08
VCC 324 2.69 0.36 0.04 0.54 -1.43 0.01
Table 2. CAS coefficients and Gini − M20 statistics from the stat-
morph package.
rotated by 180◦ from the original one, and dividing the sum
of the absolute value of the residuals to the original galaxy’s
flux (Abraham et al. 1996). Galaxies with A & 0.2 are consid-
ered morphologically disturbed and those with A ≥ 0.35 are
likely to be major-merger remnants (Conselice et al. 2000;
Conselice 2003; De Propris et al. 2007). Originally used in
economics to quantify the unequal distribution of wealth in
a population, the Gini coefficient is adopted in astronomy to
provide a measure of the relative distribution of light within
the galaxy image (Abraham et al. 2003). G = 0 means an
equal distribution across all galaxy pixels, while G = 1 cor-
responds to extreme inequality where all the light is concen-
trated within a few pixels. The position of a galaxy in the
G− M20 plane allows us to separate major mergers from non-
interacting galaxies (Lotz et al. 2004). Mergers occupy the
region of the parametric space defined by the following rela-
tion: S(G, M20) = 0.14M20 + G − 0.33 > 0 (Lotz et al. 2008).
We ran statmorph on the g images and derived the diagnos-
tics discussed above for the two galaxies that we display in
Table 2. In VCC 324 the asymmetry index A is above the
threshold value that defines major-merger candidates, while
its S(G, M20) places it at the very edge of the region that sepa-
rates mergers from ”normal“ irregular galaxies in the G− M20
plane. On the other hand, VCC 135 with S(G, M20) ∼ −0.08
and A = 0.14 is below the canonical major-merger separation
thresholds. However this does not rule out that VCC 135
might have experienced a minor merger event. Hoyos et al.
(2012) report that in late minor mergers in which the less
massive galaxies have been almost entirely dissolved – as the
analysis of VCC 135 images may suggest – the application of
these diagnostics is less effective.
5 DISCUSSION
The observed anticorrelation between the metallicity of the
gas and the SFR is expected in a scenario where the star-
formation process is triggered by metal-poor gas falling onto
the disc. Two mechanisms can cause the inflow of metal-poor
gas: accretion from the IGM (Ceverino et al. 2016) or galaxy-
galaxy interactions/mergers (Rich et al. 2012). Alternatively,
intense outflows produced by stellar winds and supernovae
(SNe) could eject metals from the central star-forming re-
gions, diluting the heavy-element abundance (Tremonti et al.
2004; Troncoso et al. 2014).
Models of galaxy formation predict that gas accretion
from the cosmic web is a primary driver of star formation
at early epochs (Dekel et al. 2013), and that at dark mat-
ter halo masses of Mh = 10
9 − 1010 M⊙ cold gas accre-
tion still occurs in low-density environments and filaments
at z = 0 (Sancisi et al. 2008; Keresˇ et al. 2009). Analyti-
cal models of Mott et al. (2013) are able to reproduce the
observed inverted gradients in high redshift galaxies intro-
ducing a high inflow rate of pristine gas towards the inner
region of their discs. In the external gas accretion scenario
the metallicity of the infalling gas must be much lower than
solar (Sa´nchez Almeida et al. 2016, 2018); the accreted gas
would mix in a time-scale of the order of the rotational pe-
riod, averaging the inverted gradient in a few hundred Myr
(Yang & Krumholz 2012; Petit et al. 2015).
Extended Hi discs with disturbed morphologies and kine-
matics are thought to be associated with intergalactic gas
flows (Sancisi et al. 2008; Kreckel et al. 2011). The VLA map
of VCC 324 shows a Hi extension of about 1′ at a column den-
sity of 1.5 ×1020 cm−2 (Lake et al. 1987), typical of late-type
dwarfs. It is difficult to confirm or reject the external gas
accretion scenario from these data, requiring deeper aper-
ture synthesis observations. High-resolution 21-cm data of
VCC 135 are not available in the literature. Accretion of gas
from the IGM would be suppressed in a dense environment,
however neither galaxy is located in the very central regions of
Virgo. Adopting a distance of 17 Mpc, VCC 135 and VCC 324
are at about 1.1 and 1.4 Mpc from M87 (cluster A) and M49
(cluster B), respectively. Both observations and simulation
suggest that galaxies in the periphery of clusters (r & 2.4
Mpc) can accrete cool gas from their surroundings. However,
at smaller distances to the cluster centre, starvation (1 Mpc
< r < 2.4 Mpc) and ram pressure stripping (r < 1 Mpc) can
inhibit this process (Tonnesen et al. 2007; Yoon et al. 2015).
Mergers and interactions between dwarf galaxies have been
proposed to explain the properties of starbursting BCDs
(Pustilnik et al. 2001; Bekki 2008). In this scenario, metal-
poor gas from the outskirts of the progenitor discs is brought
towards the centre by the interaction with another gas-rich
dwarf, similarly to what is found in more massive galaxy
mergers (Rich et al. 2012). Ellison et al. (2018, 2020) found
that interacting starburst galaxies (M∗ > 10
10 M⊙) present
lower central metallicities suggesting that metal-poor gas in-
flows from mergers can dilute the oxygen abundance. On
the other hand, Barrera-Ballesteros et al. (2015a) determined
that the central metallicities of interacting systems extracted
from the CALIFA survey are comparable to those of a non-
interacting control sample, suggesting that stellar feedback
could be responsible for enriching the ISM in the center4.
Simulations of massive galaxies give evidence that galaxy-
galaxy interactions can flatten the metallicity gradient, but
it is not clear whether they are capable of inverting it
(Sillero et al. 2017; Carton et al. 2018). Central metallic-
ity depressions of the order of . 0.2 dex are predicted
(Torrey et al. 2012), and such values are in agreement with
observations (Rupke et al. 2008; Ellison et al. 2013). Models
of low-mass discs interactions show for example that galaxies
with stellar masses of M∗ ∼ 10
9 M⊙ and initial nuclear metal-
licities of 12 + log(O/H) ∼ 8.6 could attain 12 + log(O/H) ∼
8.3 or 8.4 in the centre during a merger (Torrey et al. 2012).
If low-mass galaxies are on average characterised by flat
4 The apparently contradicting results of the two studies may
be due to the different criteria adopted to select the interact-
ing/merging galaxy samples: Barrera-Ballesteros et al. (2015a) in-
cluded systems at varied stages of interaction (from pre-merger
pairs with separations as large as 150 kpc to post-mergers) while
Ellison et al. (2018) considered only galaxies above the main se-
quence with enhanced star formation activity.
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metallicity gradients (Lagos et al. 2012; Magrini et al. 2017;
Belfiore et al. 2017; Gonc¸alves 2019) the central depression
combined with a flat distribution at larger radii could pro-
duce an overall positive trend similarly to what we observe
in our targets.
The results that we presented in Sect. 4 seem to support
the merger scenario. The lack of a clear rotation gradient
and the kinematic axis misalignment in VCC 324 may imply
that the galaxy went through a major merger (mass ratio &
3:1) as it is also may be suggested by the Asymmetry param-
eter. Shell-like stellar structures similar to what are found
in VCC 324, are associated with intermediate-mass/major
mergers (Pop et al. 2018) and they have been observed in
both massive (Duc et al. 2015; Kado-Fong et al. 2018) and
dwarf galaxies (Paudel et al. 2017; Zhang et al. 2020). For
what concerns VCC 135, analysis of the gas kinematics and
of the morphology indicators would exclude a major merger.
However, the structures that we find in the unsharp masks
and colour index maps give hints of an interaction event
possibly related to the accretion of a lower-mass satellite.
Given the high Hi deficiency of this galaxy it is plausible
that most of the detected gas is associated to the accreted
object and under this assumption we can estimate an up-
per limit to the mass of the disrupted dwarf. For a total gas
mass Mgas = 4 × 10
7 M⊙(including H2 and Hi, Table 1), as-
suming that the accreted object is gas-rich (Mgas/M∗ ∼ 1;
Huang et al. 2012), comparison with VCC 135 stellar mass
would imply that the galaxy may have experienced a minor
merger event with ratio < 1:10.
Lastly, outflows due to SN feedback ejecting enriched gas
from the inner regions could also produce the observed metal-
licity trend. This process is found to be effective in galaxies
at high redshift (Wang et al. 2019) with log(sSFR/yr−1) =
-7.7, well above those observed in our targets (by a factor of
1.8 dex in VCC 324 and 2.8 dex in VCC 135, respectively;
see Table 1). To test this possibility, in Fig. 6 we compare the
properties of our galaxies with the simple chemical evolution
model of Erb (2008). The model has two free parameters: the
mass loading factor, fo = ÛMout/SFR, and the mass accretion
factor, fin = ÛMacc/SFR, where ÛMout and ÛMacc are the mass-
loss and mass-accretion rates, respectively5. In a pure-outflow
scenario high mass loading factors ( fo = 4.2 and 11) would
be needed to reproduce the observed gas fraction and metal-
licities of the two dwarfs (Fig. 6). Observations of nearby
starburst dwarfs reveal that there are relatively few strong
outflows in low-mass galaxies in the local Universe (Martin
1999; McQuinn et al. 2019). The measured mass loading fac-
tors range between 0.2 and 7 with a weak dependence on
stellar mass (∝ M0.04∗ ), and only few objects have fo above
2. An average fo ∼ 1.2 is expected for a galaxy with stellar
mass M∗ ∼ 10
9 M⊙(McQuinn et al. 2019), in agreement with
results from hydrodynamical simulations at this mass range
(Christensen et al. 2016). Given the relatively low sSFR of
our targets and the high mass loading factors required by
pure outflow scenarios, it appears unlikely that stellar feed-
5 The model adopts the instant recycling and mixing approxima-
tions. The metallicity of the infalling gas is assumed to be zero,
while the outflows have the same abundance as the galaxy ISM,
and the fraction of gas returned to the ISM by star formation is
neglected.
Figure 6. Evolution of metallicity with gas fraction for simple
chemical evolution models with pure outflows (dash-dotted orange
lines), pure inflows (dashed blue lines), and a combination of in-
flows and outflows (solid purple lines), compared to the observed
values of VCC 135 and VCC 324 (filled squares). fin and fo show
the assumed inflow and outflow rates in units of the galaxy SFR.
Pure accretion models have the same fin as the mixed ones. The
black dotted line displays the expected trend from a closed-box
model.
back only is able to cause the observed inverted metallicity
gradients.
A pure inflow model with mass-accretion factor fin = 1.1
(dashed blue line, Fig. 6) or a combination of fin = 1.1 and
a low outflow rate ( fo = 0.5, solid blue line) appear more
favoured in VCC 135. For VCC 324 we find a best-fitting
model with fin = 3.7 and fo = 2.3, while a pure inflow sce-
nario with the same fin (dashed line) is not able to reproduce
the observed galaxy properties. This is because the model pre-
dicts that in the absence of outflows the gas reservoir cannot
be completely exhausted, thus fgas cannot decrease beyond
a minimum threshold set by the inflow rate, f mingas = 1− 1/ fin
(empty dot in Fig. 6). Even though outflows may be present
in these systems this analysis suggests that they do not domi-
nate the chemical evolution of our targets, that is more likely
driven by the infall of low-metallicity gas possibly related to a
recent interaction. The lower mass accretion factor obtained
for VCC 135 compared to VCC 324 would support our inter-
pretation of a minor- versus major-merger event.
6 SUMMARY AND CONCLUSIONS
We presented integral field spectroscopy observations of two
star-forming dwarf galaxies in the Virgo cluster obtained with
PMAS/PPak at the Calar Alto 3.5 meter telescope. We de-
rived metallicity maps using the N2 indicator. The galaxies
show inverted metallicity gradients, contrary to what is usu-
ally observed in dwarfs or in spiral galaxies. We find gradient
slopes of 0.20 ± 0.06 and 0.15 ± 0.03 dex/Re for VCC 135 and
VCC 324, respectively. The slopes are steeper than what is
found in previous studies of local spirals or high-z dwarfs with
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similar positive gradients. We discussed whether such a trend
could be caused by inflow of metal-poor gas – accreted from
the IGM or in a recent merging event – or to enriched-gas
outflows triggered by the star formation activity. Compari-
son with simple chemical evolution models seem to favour the
gas-inflow scenarios. However their location in the outskirts
of the Virgo cluster would hinder external gas accretion from
the IGM due to the effects of ram-pressure stripping and/or
starvation. Analysis of deep optical images and of the ionised
gas kinematics suggest that both galaxies may have recently
accreted a gas-rich companion. We argue that VCC 324 is the
remnant of a major merger, while a minor-merger scenario
seems more favoured for VCC 135. The accretion event drove
metal-poor gas from the galaxy outskirts to the central re-
gions, causing the inverted metallicity trend across the galaxy
discs. Atomic hydrogen maps are needed to investigate the Hi
distribution in the two systems in order to further constrain
our interpretation of a dwarf-galaxy merging scenario.
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APPENDIX A: ALTERNATIVE ESTIMATES OF
THE OXYGEN ABUNDANCE OF VCC 324
In this section we discuss alternative methods to deter-
mine the gas-phase metallicity. As mentioned in Sect. 4.1
the N2 ratio depends on physical parameters of a neb-
ula other than the metallicity. Therefore variations of the
N2 index could be correlated, for example, to changes in
the ionisation parameter6 (q) instead of metal abundance
(Lo´pez-Sa´nchez et al. 2012; Morales-Luis et al. 2014). On the
other hand, Sa´nchez Almeida et al. (2018) showed that the
observed anticorrelation between N2-based metallicities and
SFR in a sample of star-forming dwarfs still holds when O/H
is calculated with photoionisation models that take into ac-
count the variation of the physical properties of a nebula. It
is thus important to test whether different metallicity esti-
mates can reproduce the results that we derived with the N2
calibrator.
An alternative way to determine O/H is provided
by the direct method (Aller 1954; Dinerstein 1990;
Osterbrock & Ferland 2006), based on the detection of the
auroral line [Oiii]λ4363 that allows to measure the elec-
tron temperature Te([Oiii]). Assuming a two-zone approxi-
mation (Garnett 1992), the electron temperature Te([Oii]) in
the O+ zone is measured from weak auroral lines such as
[Oii]λλ7320,7330, or it is calculated from Te([Oiii]) through a
relation derived from photoionisation models (Garnett 1992;
Pe´rez-Montero 2014). The metallicity is then obtained from
the relations linking the oxygen ionic abundances (O+/H,
O++/H) to the corresponding electron temperatures and
observed emission-line ratios (Osterbrock & Ferland 2006).
However, auroral lines are intrinsically faint and thus more
difficult to observe. In VCC 324 [Oiii]λ4363 is detected
above 3σ only in a very small region (r < 0.6Re; Fig. A1),
and [Oii]λ7320,7330 is observed in an even more compact
area, smaller by a factor of two. The reduced extension of
[Oiii]λ4363 emission compared to the size of the galaxy, its
relatively low S/N ratio (only a few spaxels have S/N > 10),
the lack of the auroral lines that allows to more accurately de-
termine Te([Oii]) and the O
+ abundance (Yates et al. 2020),
hamper the application of this method.
Therefore, here we test another widely-used empirical cal-
ibrators, O3N2 (see Sect. 4.1), and metallicity diagnostics
based on photoionisation models: i) Inferring metallicities (Z)
and Ionisation parameters (IZI7; Blanc et al. 2015); ii) Hii-
6 The ionisation parameter, defined as the ratio of ionising photon
density to hydrogen density, is sometimes defined in the literature
in the dimensionless form U = q/c where c is the speed of light.
7 https://users.obs.carnegiescience.edu/gblancm/izi/
Figure A1. [Oiii]λ4363 map of VCC 324. Contours range between
2.2 and 11 × 10−17 erg s−1 cm−2 arcsec−2. The lowest value is three
times the rms and the contours indicates 3,7,10,15σ.
CHI-MISTRY8 (HCm, v4.1; Pe´rez-Montero 2014). The compar-
ison is only performed for VCC 324 because it is the tar-
get where line emissions cover a larger fraction of the galaxy
disc, allowing to better investigate the spatial variation of the
metallicity.
The O3N2 map is displayed in the left panel of Fig. A2.
In the figure we are showing a smaller region compared to
Fig. 1 to ensure that we are analysing only spaxels where the
observed strong-line fluxes have S/N & 10. The map presents
a similar range of O/H and spatial trend to N2. However this
could be due to the fact that O3N2 is also sensitive to both
metallicity and ionisation parameter (Kewley & Dopita 2002;
Stasin´ska 2010).
IZI provides a method to determine the physical proper-
ties of a nebula from strong emission lines without using a
specific metallicity indicator. The tool applies Bayesian in-
ference to calculate the joint and marginalised probability
density function (PDF) of the oxygen abundance (and q)
for a given combination of observed lines, comparing simul-
taneously all the available line ratios to the predictions of
three different sets of photoionisation models (Kewley et al.
2001; Levesque et al. 2010; Dopita et al. 2013). A uniform
maximum ignorance prior in q and Z is assumed. The proce-
dure allows to include different strong emission lines as input,
and we used the following set tested in Blanc et al. (2015):
[Oii]λλ3727,3729, Hβ, [Oiii]λ5007, Hα, [Nii]λλ6548,6584, [S
ii]λλ6717,6731. Line fluxes were corrected for extinction us-
ing the Balmer decrement assuming case B recombination
and applying a Cardelli et al. (1989) galactic extinction law.
The IZI output, shown in the central panel of Fig. A2,
was obtained using the Kewley et al. (2001) grids with 12 +
log(O/H)⊙ = 8.69 (Asplund et al. 2009); qualitatively simi-
lar results are found with the other photoionisation models
implemented in the procedure. In this case, the input ionis-
ing spectrum is computed with STARBURST99 (Leitherer et al.
8 https://www.iaa.csic.es/~epm/HII-CHI-mistry-opt.html
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Figure A2. Oxygen abundance maps of VCC 324 obtained with the O3N2 calibrator (left), IZI (centre), and HCm (right). The metallicity
estimate is performed on a smaller region compared to Fig. 1 to ensure that the line fluxes included in the analysis have S/N & 10.
1999) assuming a Salpeter (1955) initial mass function (IMF)
and an age of 8 Myr for the stellar population. The IZI out-
put provides a measure of the metallicity which is consistent
with O3N2 and N2, displaying a central dip and an abun-
dance increase with radius.
HCm determines chemical abundances (O/H, N/O) and
the ionisation parameter performing a χ2 minimization pro-
cedure between the observed line fluxes and the predic-
tions of a grid of models calculated with CLOUDY (v17.00;
Ferland et al. 2013). The ionising radiation field is simu-
lated with the POPSTAR code (Molla´ et al. 2009) assuming
a starburst age of 1 Myr and a Chabrier (2003) IMF. The
procedure first determines the N/O ratio using strong lines
such as [Nii]λ6584/[Oii]λ3727 and [Nii]λ6584/[S ii](λ6717 +
λ6731). Once N/O is constrained, the oxygen abundance and
the ionisation parameters are determined in a new itera-
tion using other combinations of the available line ratios (see
Pe´rez-Montero 2014, for details). When the [Oiii]λ4363 line is
lacking an empirical relation between O/H and q is assumed.
HCm allows to use the same set of line fluxes as IZI with the
inclusion of [Ne iii]λ3869 and [Oiii]λ4363, if detected. We ran
HCm with [Ne iii]λ3869 among the list of observables and its
output is displayed in the right panel of Fig. A2. Including
[Ne iii] results in a smoother increase of the metallicity with
radius from 12 + log(O/H) ∼ 8.1 to 8.5 dex. Compared to
the other methods HCm measures a higher abundance at the
edge of the displayed region. The advantage of this proce-
dure is that it allows to derive chemical abundances that are
consistent with the direct method (Pe´rez-Montero 2014).
Lastly, in Fig. A3 we plot the oxygen abundance gradients
derived with the three methods. IZI and the O3N2 calibrator
provide very similar radial variations of O/H, while HCm de-
rives a steeper gradient. Overall the outputs of the different
diagnostics are comparable within the uncertainties, and they
all lead to the same conclusion that we illustrated in Sect. 4.1.
In the lack of applicability of the direct method, all the diag-
nostics that we tested are consistent with the presence of an
inverted abundance gradient in VCC 324.
Figure A3. Comparison between the abundance gradients ob-
tained with the three methods: O3N2 (dotted line), IZI (dashed
line), and HCm (solid line).
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